tional Coupler Modulator", SPIE, vol. 789, Optical Technology for Microwave Applications III (1987) . Yariv, A., "Coupled-Mode Theory for Guided-Wave Optics", IEEE Journal of Quantum -Electronics, vol. QE-9, No. 9, (Sep. 1973), Thaniyavarn, S., Milation Diagrams of Cou pled-waveguide Interferömeters and Directional Cou plers ', 8 pages (Aug. 1987) . Schmidt, R. V. and Kogelnik, H., "Electro-optically Switched Coupler with Stepped A6 Reversal using Ti-diffused LiNbO3 Waveguides', Applied Physics Let ters, vol. 28, No. 9, (May 1976) . Papuchon, M., "Imperial B', Friday Morning, 3 pages (Feb. 1986 An optical switch that does not require precise voltage control to produce the crossover and straight-through states. The switch comprises an electro-optic substrate in which a pattern of optical waveguides is formed, the pattern including an input waveguide that branches to form first and second output waveguides. The output waveguides pass through a coupling region within which evanescent field coupling can occur. A first pair of electrodes produces a first propagation constant dif ference A61 in a first section of the coupling region, and a second pair of electrodes produces a second difference Ag2 in a second section of the coupling region. By form ing the first and second sections to have different lengths, and by causing Ag1 and A62 to have opposite polarities, an optical swtich is provided having wide voltage tolerances for the crossover and straight through states.
U.S. Patent Jul.10, 1990 Whithin coupling region 22, an optical signal passing through one waveguide will be coupled into the other waveguide. Regarding one end of waveguide 12 as an input port 32 and the opposite ends of the waveguides as output ports 34 and 36, and optical input signal I appear ing at input port 32 will in general have its power di vided between the waveguides, such that it produces optical output signals at both output ports. The output signals at output ports 34 and 36 are designated Io and I-Io, respectively. When an optical input signal at input port 32 appears only at output port 34, the optical switch is said to be in a straight-through state. When the optical output signal appears only at output port 36, the switch is said to be in a crossover state. The straight through and crossover states are symbolized by circles containing equal signs and crosses, respectively, as
Each particular coupling region between a pair of optical waveguides is characterized by its interaction length L, by a coupling length lic, and by the difference or mismatch Ag between the propagation constants (31 and 32 of the respective waveguide coupling sections. Assume that two waveguides have equal propagation constants, such that Ag=0. When an optical signal enters the coupling region in a first one of the wave guides, the power of the optical signal will begin trans ferring from the first waveguide to the second wave guide. After traveling a distance equal to the coupling length lc, all of the optical power will have transferred to the second waveguide. Thereafter, optical power will begin transferring back to the first waveguide, such that after traveling a total length of 21c, all of the optical power will have returned to the first waveguide.
As a result of the above properties, complete cross over can be produced, for waveguides that are exactly phase matched (A3=0), when the interaction length L is an exact odd multiple of the coupling length le. In effect, coupling length lc is the length of a particular coupling region needed to transfer all of the optical power from one waveguide to the other waveguide, when the waveguides are phased matched. When Ag is not equal to zero, then the transfer of power between the waveguides is more complex, and in general it may be impossible to achieve complete crossover using only a single pair of electrodes. 24 and 26. Assume that the interaction length L is equal to ic, and that the waveguides are phase matched (A6=0) in the absence of an electric field. Under such circumstances, with zero voltage applied to the elec trodes, the switch will be in the crossover state, and an input signal at input port 32 will appear only at output port 36, as described above. However, if a differential voltage is applied to electrodes 24 and 26, then the resulting electric field in the coupling region will mod ify the index of refraction of the electro-optic substrate and of coupling sections 18 and 20, and will whereby produce a phase mismatch Agbetween the propagation constants of the waveguides. As a result, the input sin gal will no longer entirely cross over, and will instead be split between the output ports. By appropriate selec tion of the voltage applied to the electrodes, the switch can be put in the straight-through state, in which all of the input signal appears at output port 34.
FIG . 2 shows the output signal Ioat output port 34 as a function of the normalized propagation constant dif ference Ag|L/T between the waveguides. The normal ized propagation constant difference is directly propor tional to the applied voltage. When the applied voltage and normalized propagation constant difference are equal to zero, the switch will be in the crossover state. However, when the normalized propagation constant difference is equal to +V3, the switch will be in the straight-through state, and all of the optical power will appear at output port 34 as signal Io. Thus the appropri ate voltage applied to the electrodes can cause the opti cal input signal to be switched to either output port.
A significant problem with the optical switch shown in FIG. 1 is that very precise control of the voltage applied to the electrodes is required in order to produce switching with acceptably low levels of crosstalk. For example, one needs to apply and maintain voltages that produce a normalized propagation constant difference of between -0.03 and --0.03 for the crossover state, and between 1.69 and 1.77 for the straight-through state, in order to keep crosstalk between the two output ports below the 30 dB level. Other types of prior direc tional coupler switches, including those with multiple electrode sections within the coupling region, have similarly stringent voltage requirements.
SUMMARY OF THE INVENTION
The present invention provides an optical switch in which less precision is required in the voltage applied to the electrodes to achieve the crossover and straight through states. The switch therefore permits much greater immunity from crosstalk, in comparison to prior optical switches.
In a preferred embodiment, the optical switch of the present invention comprises an electro-optic substrate, and a pattern of optical waveguides formed in the sub strate. The pattern comprises an input waveguide that branches to form first and second ouput waveguides, at least one output waveguide having a propagation con stant that can be varied by the presence of an electric field. The first and second output waveguides both pass through a coupling region within which the output waveguides are positioned so as to permit evanescent field coupling therebetween. Means are also provided for selectively generating electric fields in first and second sections of the coupling region, the first and . . . second sections having difference lengths. 4,940,305 3 In the first section, the electric field produces a first difference Ag between the propagation constants of the first and second waveguides. Similarly, in the sec ond section, the electric field produces a section differ ence A62 between the propagation constants of the first and Second waveguides, such that A61 and A32 have opposite polarities. As a result of this arrangement, an optical input signal introduced into the input waveguide can be switched to either output waveguide by generat ing the electric fields. The characteristics of the switch are such that the switch can remain in a crossover or straight-through state, with suitably low crosstalk lev els, over relatively wide ranges of electric field In this embodiment, equal magnitude but opposite po larity electrode voltages are used (as in FIG. 4) , the ...total length L of coupling region 64 is equal to twice the coupling length (21), and lengths Li and L2 of the first and second coupling sections are equal to 0.68 L and 0.32 L, respectively. It is assumed that the gap between the first and second electrode pairs is small enough to be ignored . FIG. 5 shows the magnitude of the output signal Io appearing at output port 72 as a function of the normalized propagation constant difference AgL/ar. It may be seen that the graph includes a relatively long crossover region 100, and a straight-through region 102 of similar length. Within regions 100 and 102, the char acteristics of the switch are relatively, insensitive to the normalized propagation constant difference, and there fore to the applied voltage. In particular, a crosstalk level of less than 30 dB can be obtained within very wide ranges of -1.35 to --1.98 for the normalized propagation constant difference, ranges that are about an order of magnitude larger than the corresponding ranges for a conventional directional coupler optical switch. This flat response to the applied voltage within regions 100 and 102 eliminates the need for precise voltage control to achieve low crosstalk levels between the crossover and straight-through states. While the preferred embodiment of the invention have been illustrated and described, variations will be apparent to those skilled in the art. Accordingly, the invention is not limited to the specific described em bodiments, but is instead to be determined by reference to the following claims.
The embodiments of the invention in which an exclu sive property or privilege is claimed are defined as follows:
1. An optical switch, comprising: an electro-optic substrate; a pattern of optical waveguides formed in the sub strate, the pattern comprising an input waveguide that branches to form first and second output waveguides, at least one output waveguide having a propagation constant that can be varied by an electric field; the first and second output waveguides both passing through a coupling region within which the output waveguides are positioned so as to produce evanes cent field coupling therebetween; means for selectively generating an electric field in a first section of the coupling region to thereby pro duce in the first section a first difference Ag1 be tween the propagation constant of the first wave guide and the propagation constant of the second waveguide: means for selectively generating an electric field in a second section of the coupling region to thereby produce in the second section a second difference Ag2 between the propagation constant of the first waveguide and the propagation constant of the second waveguide, the first and second section having respective lengths that differ from one an other, Ag1 and Ag2 having opposite polarities from one another; and whereby an optical input signal introduced into the input waveguide can be switched to a selected output waveguide by generating the first and Sec ond electric fields.
2. The optical switch of claim 1, wherein the means for generating an electric field in the first section com prises a pair of electrodes positioned adjacent to the first and second output waveguides in the first section, and wherein the means for generating an electric field in the second section comprises a second pair of electrodes positioned adjacent to the first and second output wave guides in the second section.
3. The optical switch of claim 2, further comprising means for producing a first voltage difference on the first electrode pair, and means for producing a second voltage difference on the second electrode pair, the second voltage difference being equal in magnitude but of opposite polarity from the first voltage difference.
4. The optical switch of claim 3, wherein the output waveguides in the coupling region has a coupling length lc, and wherein the coupling region has a length L appraoximately equal to 21 c.
5. The optical switch of claim 4, wherein the length of the first section is approximately equal to 0.68L, and wherein the length of the second section is approxi mately equal to 0.32L.
6. The optical switch of claim 4, wherein the coupling region includes third, forth, and fifth sections that do not include electrodes, the third section being between the first and second sections, and the forth and fifth sections being on opposite sides of the first and second sections respectively with respect to the third section.
7. The optical switch of claim 6, wherein first through fifth sections have relative lengths of 0. 67; 0.305; 0.005; 0.01; and 0.01, respectively. 8. The optical switch of claim 1, wherein the wave guides are formed and positioned in the coupling region such that generation of Agi at a first polarity and A62 at a second, opposite polarity causes the optical input signal to appear only in the first output waveguide, and production of Agi at the second polarity and Ag2 at the first polarity causes the optical input signal to appear only in the second output waveguide.
9. The optical switch of claim 8, wherein the magni tude of A6 is equal to the magnitude of A62. *k sk ce ak k
